Introduction {#sec1}
============

Dental caries is one of the most prevalent oral infectious diseases, and they result from the interactions between dietary components and specific bacteria within a biofilm formed on the surfaces of teeth.[@bib1] Dental biofilms have complex structures that resemble the tissues of higher organisms,[@bib2] and they harbor cariogenic bacteria.[@bib3] At present, cariostatic agents with biofilm-killing and -disrupting effects are receiving increasing attention. In our previous study, we showed that a combined application of exogenous dextranase (Dex) and sodium fluoride (NaF) was effective against *Streptococcus mutans* monospecies biofilms.[@bib4] This combined agent decreased the amount of extracellular polysaccharide and loosened the tree-like biofilms, but the specific mechanism that mediates this anticaries action is unknown.

Confocal laser scanning microscopy (CLSM) has been used widely to study the biofilm structure, composition, and biomass in several different microorganisms because it facilitates the in-depth analysis of biological structures without damaging them.[@bib5], [@bib6], [@bib7], [@bib8] Live/dead staining is also used as an indicator of cell viability, which is determined by the integrity of the cell wall membrane in many bacterial biofilm models.[@bib9], [@bib10], [@bib11] In the present study, we elucidated the anticaries properties of the combined Dex and NaF treatment by using live/dead staining and CLSM to determine the mechanism that mediates the killing and disruption of biofilms by this agent, thereby supporting the putative mechanism mentioned by Yang et al.[@bib4]

Given its biofilm-killing and -disruption potential, the combined Dex and NaF treatment may be a possible advanced method for preventing caries. However, this agent needs to be assessed using relevant biofilm models that simulate the *in vivo* environment as closely as possible. The use of laboratory models to simulate the microbial conditions that lead to tooth decay has a long history, and many dental biofilm models have been used to study the effects and modes of action of caries-prevention agents.[@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17] Investigations have shown that organisms such as *Streptococci*, *Lactobacilli*, and *Actinomyces* have important roles in dental biofilm accumulation and maturation[@bib18], [@bib19]; they form multispecies cariogenic biofilms in the laboratory, which can be used to study antibacterial effects. For example, Mei et al[@bib20] used these bacteria to produce a mature multispecies biofilm to study the antibacterial effects of silver diamine fluoride.

Despite the promising antimicrobial effect of the combined treatment with Dex and NaF, little is known about its mode of action. Previously, we showed that the biofilm matrix composition and distribution of *S. mutans* monospecies biofilms were affected by Dex and NaF.[@bib4] In the present study, we conducted an in-depth analysis of the changes in the biofilm structure, viability, and biomass after treatment with Dex and NaF using mature multispecies cariogenic biofilms.

Material and methods {#sec2}
====================

Test agents and bacterial strain {#sec2.1}
--------------------------------

Dex was obtained from *Penicillium* sp. (Sigma-Aldrich Co., St. Louis, MO, USA), dissolved in 20mM phosphate buffer (pH 6.0), sterilized using filtration (0.22 μm membrane filter, Millipore Filter Corp., Bedford, MA, USA), and stored at 4°C. NaF was purchased from Sigma-Aldrich Co. The concentrations of the agents used in this study were based on data obtained from our previous study.

*S. mutans* ATCC 25175, *Actinomyces viscosus* ATCC 15987, and *Lactobacillus acidophilus* ATCC 4356 were provided by the Microbiology Division of the State Key Laboratory of Oral Diseases (Chengdu, China). Each bacterial strain was grown in brain heart infusion broth (BHI; Oxoid, Basingstoke, England) containing 1.0% sucrose in an atmosphere of 80% N~2~ and 20% CO~2~ at 37°C for 18 hours. After centrifugation at 750*g* for 15 minutes at 4°C, the precipitate was collected, washed twice with sterile saline, and then suspended in BHI. The bacterial concentrations of the suspensions were adjusted to a McFarland standard of 1.0, according to the method defined by the National Committee for Clinical Laboratory Standards.[@bib21] The same volume of each bacterial strain was mixed to produce the biofilm.

Biofilm preparation and treatment {#sec2.2}
---------------------------------

Mixed bacterial biofilms were formed on standard glass microscope slides (1.0 × 1.0 cm^2^; Micro slides; VWR Scientific, Inc., West Chester, PA, USA) in batch cultures, and were placed into sterile eight-well plastic tissue culture plates, according to the method reported by Koo et al[.]{.smallcaps}[@bib22] The same volume of each three bacterial strains was mixed to produce the biofilm. In detail, each well contained a 0.6 mL mixed bacterial suspension and 5.4 mL sterile BHI with 1.0% sucrose in an atmosphere of 80% N~2~ and 20% CO~2~. During the first 24 hours, the organisms were cultured undisturbed to allow the initial biofilm formation. After 24 hours, the biofilms were treated twice daily (1 minute exposure at 10 [am]{.smallcaps} and 4 [pm]{.smallcaps}) until the 4^th^ day of the experimental period (96 hours) with one of the following: (1) vehicle control (sterile saline solution as a negative control); (2) 1 U/mL Dex; (3) 80 μg/mL NaF; (4) 1 U/mL Dex + 80 μg/mL NaF; (5) 2 U/mL Dex; (6) 4 U/mL Dex; (7) 160 μg/mL NaF; or (8) 320 μg/mL NaF. Each biofilm was exposed to its respective treatment a total of six times. Biofilm assays were performed in triplicate in four different experiments described afterwards.

Biofilm analyses {#sec2.3}
----------------

At the end of the experimental period, the biofilms were dip-washed three times and then gently swirled in physiological saline to remove any loose adherent material. The biofilms were placed in 30 mL of sterile saline solution, and the glass surfaces were scraped gently with a sterile spatula to harvest adherent cells. The removed biofilms were subjected to sonication using a Branson Sonifier 450 (Branson, Danbury, CT, USA) applied for two treatments, each comprising three 10 second pulses at 50 W with 5 second intervals, as described previously.[@bib23] The homogenized suspensions were analyzed to determine: (1) the biomass (dry weight); (2) the number of viable cells, by counting the number of colony-forming units (CFU); and (3) the polysaccharide composition \[water-soluble glucans (WSGs) and water-insoluble glucans (WIGs)\], using scintillation counting method.[@bib22] All assays were performed in triplicate in at least three different experiments.

CLSM {#sec2.4}
----

After the treatment, the biofilms were dip-washed three times in physiological saline to remove any loose adherent material and then incubated with LIVE/DEAD BacLight Bacterial Viability Kits (L-13152, Molecular Probes Inc., Eugene, OR, USA) in a dark box for 15 minutes. The biofilms were washed three times with physiological saline and observed with a CLSM (type TSP SP2; Leica, Solms, Germany) using Ar (514/488 nm) and He--Ne (543 nm) lasers. Depth measurements were acquired at regular intervals across the width of the field. To determine the structure of the biofilms, we produced a series of horizontal (x--y) optical sections with a thickness of 1.5 μm separated by 0.5 μm intervals throughout the full depth of the biofilms. To determine the biofilm vitality per layer based on the digitized data, an automatic image analysis program (Image-Pro Plus, Media Cybernetics, Silver Spring, MD, USA) was used to calculate the percentage of live bacteria (vitality, %) in each section, as well as the vitality values for the whole biofilm (mean vitality, %). To avoid overlaps, only every second section was used in the analysis.

Statistical analysis {#sec2.5}
--------------------

Statistical analysis was performed with SPSS version 16.0 (SPSS Inc., Chicago, IL, USA). The Shapiro--Wilk test demonstrated whether the data were normally distributed and Bartlett's test was used to assess the homogeneity of variances. For parametric testing, Fisher's exact tests and one-way analysis of variance were used to detect the significant effects of variables. The level of significance was set at P \< 0.05 in both studies.

Results {#sec3}
=======

Effects of test agents on the biofilm biomass {#sec3.1}
---------------------------------------------

The dry weight (biomass) of the biofilm was analyzed after treatment with the test agents. With the exceptions of 80 μg/mL NaF and 160 μg/mL NaF, all of the test agents reduced the dry weight compared with the control (P \< 0.05; [Figure 1](#fig1){ref-type="fig"}). The combination of 1 U/mL Dex and 80 μg/mL NaF was a more effective treatment than either of the separate test agents (P \< 0.05; [Figure 1](#fig1){ref-type="fig"}): the combined effect was similar to the separate effects of 2 U/mL Dex and 320 μg/mL NaF.Figure 1Effects of different treatments with dextranase and sodium fluoride on the biomass of multispecies biofilms. The data represent the means and standard errors of the means for individuals from three independent experiments (*n* = 12). ^∗^ Significant difference between the control group and other experiment groups (P \< 0.05). ^∗∗^ Significant difference between the 1 U/mL dextranase + 80 μg/mL sodium fluoride group and either of the separate agent group (P \< 0.05). Dex = dextranase; NaF = sodium fluoride.

Effects of test agents on biofilm viability {#sec3.2}
-------------------------------------------

[Figure 2](#fig2){ref-type="fig"} shows the viable cell population recovered from the biofilms after the different treatments. Among the test agents, 1 U/mL Dex and 80 μg/mL NaF, 4 U/mL Dex, and 320 μg/mL NaF yielded slightly lower numbers of recoverable viable cells compared with the control (ca. 1 log~10~ decrease in CFU/biofilm; P \< 0.05), but none of the treatments appeared to have bactericidal effects on the biofilms. In addition, separate treatments with 1 U/mL Dex and 80 μg/mL NaF had no effects on the recoverable viable cells.Figure 2The number of colony forming units (CFUs) in multispecies biofilms after different treatments with dextranase and sodium fluoride (NaF). The data represent the means and standard errors of the means for individuals from three independent experiments \[*n* = 12, log~10~ (CFU/biofilm)\]. The average CFU counts of 320 μg/mL NaF was the lowest in all experimental groups (9.63 ± 0.25). There were significant differences between the 1 U/mL dextranase + 80 μg/mL NaF group (9.93 ± 0.29) and the control group (10.77 ± 0.42; P \< 0.05). Dex = dextranase; NaF = sodium fluoride.

Effects of test agents on the WIG and WSG levels in biofilms {#sec3.3}
------------------------------------------------------------

High concentrations of Dex (2 U/mL and 4 U/mL Dex) obviously reduced the levels of WIG and WSG in the biofilms (P \< 0.05; [Figure 3](#fig3){ref-type="fig"}). However, NaF at 80 μg/mL had little effect on WIG and WSG production, whereas high concentrations of NaF (160 μg/mL and 320 μg/mL) slightly reduced the production of WIG and WSG production. The combined treatment of 80 μg/mL NaF and 1 U/mL Dex inhibited the synthesis of WIG and WSG more than the separate treatments did, and had a significant difference comparing with the control group (P \< 0.05; [Figure 3](#fig3){ref-type="fig"}).Figure 3Effects of different treatments with dextranase and sodium fluoride on (A) water-insoluble glucans and (B) water-soluble glucans of multispecies biofilms. The data represent the means and standard errors of the means for individuals from three independent experiments (*n* = 12). ^∗^ Significant difference between the control group and other experiment groups (P \< 0.05). Dex = dextranase; NaF = sodium fluoride.

Architecture of biofilms according to CLSM {#sec3.4}
------------------------------------------

After staining with LIVE/DEAD fluorescent dye, the biofilms were observed using CLSM, and their depth and viability values were determined. Images of the BacLight LIVE/DEAD-stained biofilms were obtained, and examples are shown in [Figure 4](#fig4){ref-type="fig"}. Live cells with intact cell membranes were stained with SYTO9, and they emitted green fluorescence. Cells with damaged membranes were stained with propidium iodide, and they emitted red fluorescence. As shown in [Figure 4](#fig4){ref-type="fig"}A, the untreated biofilm was stained mostly green, but a few red cells were present. The biofilm was dense and coccobacteria and bacilli aggregated to form separated clumps with some dark channels.Figure 4Confocal laser scanning microscopy images of mutispecies biofilms after different treatments with dextranase (Dex) and sodium fluoride (NaF). Biofilms were treated with: (A) sterile saline solution; (B) 1 U/mL Dex; (C) 80 μg/mL NaF; (D) 1 U/mL Dex + 80 μg/mL NaF; (E) 2 U/mL Dex; (F) 4 U/mL Dex; (G) 160 μg/mL NaF; and (H) 320 μg/mL NaF. Green indicates live bacteria (SYTO9), and red represents dead bacteria (propidium iodide). Scale bars, 23.81 μm.

The biofilm treated with 1 U/mL Dex appeared thinner, with larger channels among the bacterial clumps ([Figure 4](#fig4){ref-type="fig"}B), but its viability value did not differ from that of the control (P \> 0.05; [Figure 5](#fig5){ref-type="fig"}B). After treatment with 2 U/mL and 4 U/mL Dex ([Figures 4](#fig4){ref-type="fig"}E and 4F), the biofilms appeared less dense and thinner, with diffuse microcolonies and single cells, but the viability values were similar to that of the control (P \> 0.05; [Figure 5](#fig5){ref-type="fig"}B). The biofilm treated with 80 μg/mL NaF did not differ from the control in term of its depth and viability values (P \> 0.05; [Figures 5](#fig5){ref-type="fig"}A and 5B), but its architecture appeared to be denser ([Figure 4](#fig4){ref-type="fig"}C). After treatment with 160 μg/mL and 320 μg/mL NaF, the architectures of the biofilms still appeared dense ([Figures 4](#fig4){ref-type="fig"}G and 4H), but the biofilm depths were slightly less than that of the control (P \< 0.05; [Figure 5](#fig5){ref-type="fig"}A). After the combined treatment with 1 U/mL Dex and 80 μg/mL NaF, the biofilm structure appeared relatively loose compared with the control, and single cells or short streptococcal chains could be observed ([Figure 4](#fig4){ref-type="fig"}D). The thickness and viability values were also significantly lower compared with the separate Dex or NaF treatments (P \< 0.05; [Figures 5](#fig5){ref-type="fig"}A and 5B).Figure 5Antimicrobial effect of different treatments with dextranase (Dex) and sodium fluoride (NaF) on mutispecies biofilms. (A) Average thickness (μm) of multispecies biofilms after different treatments with Dex and NaF; (B) the percentage (%) of viable cells of multispecies biofilms after different treatments with Dex and NaF. The data represent the means and standard errors of the means for individuals (*n* = 10). ^∗^ Significant difference between the control group and other experiment groups (P \< 0.05). ^∗∗^ Significant difference between the 1 U/mL Dex + 80 μg/mL NaF group and either of the separate agent groups (P \< 0.05). Dex = dextranase; NaF = sodium fluoride.

Discussion {#sec4}
==========

Using a vital fluorescence technique and CLSM, we determined the structure of intact biofilms and the spatial distributions of live and dead bacteria in different biofilm layers. We found that the biofilms treated with Dex had a porous structure with more channels among the cell clusters, and the biofilm thickness was reduced compared with the control, which agrees with previous reports that Dex loosens the biofilm structure.[@bib24], [@bib25] The CLSM analysis showed that the combined treatment produced more clusters of dead bacteria (red) and less live bacteria (green) compared with treatment using the separate agents. The effects of antibacterial agents on biofilms vary according to their penetration extent.[@bib26] Thus, the loose structure benefited the penetration of NaF into biofilms to target cariogenic bacteria. It is well known that fluoride is one of the most effective anticaries agents because it disrupts bacterial metabolism.[@bib27], [@bib28], [@bib29]

However, the results may have varied because the uneven distribution of the bacteria, which depended on the thickness of the biofilm. Furthermore, the image quality could have been affected by conditions such as brightness, white balance, and contrast. Therefore, the CFU test was used to support our conclusions. [Figure 2](#fig2){ref-type="fig"} shows that the viability values declined when Dex and NaF were used in combination (P \< 0.05). Bacterial activity of agents was evaluated with reduction factor that was calculated as the difference between logarithms of CFU/biofilm between the control group and other experiment groups. The sensitivity threshold of the method was considered as 1.0 × 10^3^ CFU/biofilm.[@bib30] Interestingly, when treated with 1 U/mL Dex and 80 μg/mL NaF, the number of recoverable viable cells was slightly lower compared with the control (ca. 1 log~10~ decrease in CFU/biofilm), but there appeared to be no bactericidal effect, which agrees with a previous study.[@bib31] This type of combined treatment may be a new approach that fully exploits the use of low concentrations of soluble fluoride without any risk of toxicity, because exposure to high concentrations of fluoride can induce severe complications such as dental fluorosis and chronic fluoride poisoning.[@bib32]

In nature, most biofilms comprise multiple species,[@bib33] and dental caries arise from a polymicrobial infection process that is largely attributable to the formation of dental biofilms.[@bib34] *S. mutans* is considered to be one of the most important odontopathogens involved in the initiation and maturation of dental biofilms.[@bib35] *L. acidophilus* is also known to be one of the most abundant species in dental biofilms,[@bib36] and it is connected to the production of extracellular homopolysaccharides and oligosaccharides, which are beneficial for biofilm accumulation and maturation.[@bib18] *A. viscosus* is the main bacterial colonizer during the early stage of biofilm formation,[@bib37] and it has distinct glucan adhesion properties, which are associated with its pathogenicity.[@bib19] Thus, these three major bacteria were selected to form a multispecies cariogenic biofilm in the present study.

Compared with monospecies biofilms, multispecies biofilm models are more useful for elucidating the antibacterial effects of different agents. Tests using multispecies models are essential to obtain a better understanding of the effects of potential agents for treating dental biofilms. Previously, we showed that Dex and NaF had a co-operative effect in inhibiting WIG synthesis and disrupting the biofilm structure in *S. mutans* monospecies biofilms.[@bib4] In the present study, we showed that the biomass, viability, and WIG production levels in biofilms were significantly reduced by the combined treatment compared with separate treatments (P \< 0.05), thereby demonstrating the co-operative inhibition of mature multispecies biofilms using these two agents. Overall, our results suggest that the mechanism that underlies this combined effect is based on maximum biofilm disruption and minimum killing, where Dex loosens the structure of biofilms to facilitate their penetration by NaF, thereby enhancing its antibacterial effects.

In summary, improved antibacterial effects were achieved by combining low concentrations of NaF with Dex, which affected the virulence of cariogenic bacteria and disrupted the cariogenic biofilm. This may be a useful alternative approach to current chemotherapeutic strategies for preventing dental caries.
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